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Edited by Takashi GojoboriAbstract Inherent to the proteome itself, may be information
that enables proteins to buﬀer pH at a level that promotes their
own function within a specialized compartment. We observe that
the distribution of computed isoelectric points in the yeast prote-
ome matches experimentally derived organellar pH estimates
across distinct subcellular compartments. This raises an interest-
ing evolutionary question: did the pI of proteins and the pH of
organelles co-evolve to optimize function?
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Evolution1. Introduction
As life is built on a platform of water, the pH of the aqueous
solution within intracellular compartments can be considered a
fundamental biochemical property. Changes in intracellular pH
aﬀect the ionization state of all organic weak acids and bases,
which include the essential building blocks of life (e.g., amino
acids), thus contributing to an extensive array of biological pro-
cesses. Given this ubiquitous pH-dependence of physiological
systems, it is apparent that the genomes of all organisms have
evolved to cautiously maintain organellar pH of cells in a range
that accommodates biological function [1]. Consequently, we
predicted that the genomewould encode proteomic information
indicative of this pH-dependence. We tested this hypothesis in
the yeast model Saccharomyces cerevisiae where conventional
and genome-wide approaches have identiﬁed the cellular loca-
tion of nearly 67% of gene products (http://yeastgfp.uscf.edu/
[2]). Using these results, we were able to assess the distribution
of computed isoelectric points (pI) (obtained from the Saccha-
romyces genome Database, SGD, http://www.yeastgenome.
org/; see [3]) in the yeast proteome across nine subcellular com-
partments. Although calculated pI values that are derived from
one-dimensional sequence information represent an approxi-
mation of the native state of ionizable groups on proteins, Sch-
wartz et al. have estimated them to be in reasonable agreement
with experimentally derived pI values [3].*Corresponding author.
E-mail address: rrao@jhmi.edu (R. Rao).
1 Present address: School of Medicine, Department of Biochemistry,
University of Washington, 1705 N.E. Paciﬁc Street, Box 357350,
Seattle, WA 98195, USA.
0014-5793/$32.00  2006 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2005.12.1032. Correlation of proteomic pI values with organellar pH
As seen in Fig. 1, the calculated mean (and median; Fig. 2) pI
values for proteins experimentally determined to be associated
with individual subcellular compartments are distinct from that
of the averaged value for the entire yeast proteome, and match
the estimated pH of the corresponding organelle [4–7]. Proteins
found in organelles with known oxidizing or alkaline lumen
conditions (mitochondria, peroxisomes and endoplasmic retic-
ulum) had relatively high mean pI values, whereas proteins
found in acidic organelles of the secretory and endocytic sys-
tems (vacuole, Golgi and endosomes) had relatively low mean
pI values. Cell wall proteins had a mean pI value of 5.27, similar
to the optimal external pH for yeast growth.
Individual compartmental distributions of pI values showed
that most values clustered around the median (Fig. 2), with the
exception of the nucleus, which showed a multimodal distribu-
tion. Ongoing proteomic studies may reﬁne this correlation
and resolve the spread of pI values within organellar subdo-
mains. For example, a subdivision of nuclear proteins has re-
vealed diﬀerences in experimentally derived mean pI values
ranging from relatively neutral to basic, e.g., diﬀuse nuclear
proteins (pI 7.3), nucleolar (pI 8.3) and splicing speckles (pI
9.3) (http://npd.hgu.mrc.ac.uk/ [8]). Further reﬁnements could
take into account speciﬁc locations of individual domains, i.e.,
luminal versus cytoplasmic, and transmembrane spans in pro-
teins. Given the observation of Schwartz and colleagues that
membrane proteins tend to be skewed towards more basic pI
[3], and our observation that integral membrane proteins are
abundantly represented in the data sets, the correlations of
pI with organellar pH in acidic compartments such as the vac-
uole, are remarkable. It is noteworthy that despite the cluster-
ing of individual pI values with the mean (and median) within
data sets, the same range of pI values was observed for each
compartmental protein pool, and these presumably span the
limits compatible with biology. This raises a cautionary note
for the use of pI values in multiparameter algorithms used to
predict protein location.3. Evolutionary implications
Our observations suggest that the distribution of pI values
according to subcellular localization may be indicative of
underlying pH-dependent biological function, see also [3]. In-
deed, a conservation of pI values has been observed in pro-
karyotic proteomes of similar origin where the calculated pI
of orthologous proteins do not vary by more than 1.2 pI unitsblished by Elsevier B.V. All rights reserved.
Fig. 2. Individual organelles in the yeast proteome have distinct
distributions of computed pI values. Cumulative probability (CP) plots
of computed pI values of S. cerevisiae proteins localizing to individual
cellular compartments (according to [2,3]). Shallow portions of the
curve indicate where most pI values lie. Median pI values (where each
plot intersects CP = 0.5) are indicated in ascending order (from bottom
to top) for each compartment shown (colored according to Fig. 1).
Most compartments show clustering of pI values as indicated by the
deviation from linearity. All compartmental pI distributions above the
cell (black line) and nucleus (grey line) are skewed towards alkaline;
those below are skewed acidic.
Fig. 1. Computed organellar pI values correlate with pH estimates.
Proteomic pI values obtained from SGD (http://www.yeastgenome.
org/; [3]) were sorted according to protein cellular location (n indicated in
parentheses; 2]). For each pooled set of pI values the range, mean (ﬁlled
circles, values indicated), and means weighted by protein abundance
(triangles) [11] are plotted against the estimated lumenal pH of each
compartment. Compartmental pH was obtained from published
estimates in yeast (grey) or mammalian cells (black). pI values correlate
with compartmental pH as indicated by the linear regression ﬁt to the
entire dataset (black line, P < 0.0001; when ﬁt to mean pI values alone
r2 = 0.81). pH estimates are not available for the entire cell or nucleus
(mean values shown in red). * Note that the single estimate of pH for the
endoplasmic reticulum (ER) does not reﬂect its oxidized redox state [5].
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shown that an index of the pI values of speciﬁc proteomes cor-
related with their metabolic proﬁles, termed Biolog [10]. The
Biolog has been considered a marker for the preferred environ-
ment or ecological niche of a proteome. This correlation sug-gests that either functional adaptation by proteomes has
occurred to allow occupation of an environment or that envi-
ronment determined which proteomes would occupy it. The
correlation between estimated subcellular pH and the com-
puted pI values of proteins suggests a similar interesting evolu-
tionary question. Did the pI of proteins co-evolve with
compartmental pH to optimize function? It would seem most
energetically favorable to maintain the mean pI of the organ-
ellar protein pool near the lumenal pH required for optimal
organellar function and reduce the burden on H+ transporting
systems. If so, encoded in the proteomic sequence itself is the
ability of proteins to buﬀer pH at a level that promotes their
own enzymatic function within a specialized compartment.
In our analysis we found that weighting the data sets for exper-
imentally derived protein abundance [11] enhanced the ob-
served correlation between pI and organellar pH in most
cases, consistent with a role for protein buﬀers. Thus, the com-
puted pI for vacuolar proteins shifted from 6.54 (n = 128) to
5.94 (n = 82) after normalizing for relative protein abundance.
We note that the idea that non-diﬀusible anions within the
lysosome may set the pH gradient is an old one [12], and it
has been proposed that in the absence of energy-dependent
H+ pumps, the acidic pH of vacuoles can be maintained by
Donnan-type equilibrium [13]. One could speculate on the age-
less chicken and egg question: whether the proteome evolved
to accommodate the microenvironment within organelles (by
mechanisms that relate to solubility, protein–protein or pro-
tein–lipid interactions, among others) or conversely, within a
compartment, did the protein content itself drive the condi-
tions needed for optimal enzyme activity?4. Concluding remarks
Proteomic analysis across species and of intracellular com-
partments is a relatively new but rapidly expanding area of sci-
ence, which already is generating newdirections of research. The
large amounts of information generated are beginning to be or-
ganized into formats that are useful for broader analysis and
mined tomaximize insights. One such example relates to the ob-
served correlation between protein pI and organellar pH de-
scribed here. If conserved in other organisms, these ﬁndings
will lend further support to the idea that cellular pHhomeostasis
was an important consideration during evolution of the eukary-
otic cell. Recent experimental analysis of the human heart mito-
chondrial proteome shows an abundance of proteins with basic
pI [14], consistent with the predictions from yeast. Finally, our
observations highlight the importance of the under-studied
and often-forgotten contribution of protein buﬀering capacity
to organellar pH regulation and related function.
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